Carotid intima-media thickness (IMT) and plaque burden evaluated by B-mode ultrasound have been used as relevant indicators for carotid atherosclerosis. This study was aimed to investigate the relationship between hemodynamic parameters in the common carotid artery (CCA) and the severity of carotid atherosclerosis in untreated hypertensive patients.
Carotid atherosclerosis is a relevant predictor of future cardiovascular events, especially in patients with ischemic stroke and coronary heart disease. 1 Carotid intima-media thickness (IMT) and plaque burden evaluated by B-mode ultrasound have been reported with high reproducibility and used as common indicators for carotid atherosclerosis in clinical practice. 2, 3 A previous prospective study has demonstrated that carotid artery plaque burden was a strong independent predictor of all-cause and cardiovascular mortality. 4 Nevertheless, carotid IMT was shown to be a predictor of fatal coronary events and as a marker of cardiovascular risk in hypertensive patients with coronary artery disease. 5, 6 High-resolution B-mode ultrasound is a noninvasive technique that can directly visualize and assess the wall thickness and plaque status on several arterial segments of the carotid arteries in high-risk hypertensive patients. 7 Several studies have demonstrated a significant positive relationship between IMT and plaque burden. 7, 8 Many cardiovascular risk factors, including age, male gender, smoking, obesity, diabetes mellitus or insulin resistance, hypercholesterolemia, and hypertension, were reported to be related to the severity of carotid atherosclerosis. 7, 9, 10 Although duplex ultrasonography has become a widely used tool for detecting and characterizing carotid atherosclerotic disease, there is a significant variability in peak systolic velocity (PSV) and end-diastolic velocity along the common carotid artery (CCA) in patients with or without evidence of carotid stenosis. 11 The variability in measurements of the flow velocity along the CCA may result in inaccuracies in assessing carotid stenosis. 12 Therefore, alterations in the flow velocity of CCA may not offer relevant information about the severity of atherosclerotic plaques. Previous studies have suggested that, in addition to systemic risk factors, local hemodynamic factors such as shear stress may independently affect the severity and progression of atherosclerosis in coronary arteries. 13 Moreover, arterial stiffness and carotid plaque burden were reported to be pathophysiologically related in several studies. 14, 15 To the best of our knowledge, there are no published clinical studies articles Carotid Hemodynamics and Arterial Plaque Burden reporting the association between vascular morphological (i.e., vessel wall characteristics and plaque burden) and functional (i.e., complete measurements of rheologic parameters and arterial stiffness) properties in a cohort with cardiovascular risk factors. We hypothesized that there are close associations between local rheologic factors and the formation of atherosclerotic plaques within the extracranial carotid arteries. The purpose of this study was to investigate the associations between arterial stiffness, the hemodynamic parameters in the CCA, and the severity of carotid atherosclerosis in patients with essential hypertension.
METhOdS
Subjects and study protocol. Eighty patients with untreated essential hypertension were enrolled in this cross-sectional study. Informed consent was obtained from all participants. The protocol for this study was approved by the institutional review board of Kaohsiung Municipal United Hospital. Patients with secondary hypertension, chronic congestive heart failure, established cerebrovascular disease, infections, immunological disorders, chronic renal insufficiency, or peripheral arterial disease were excluded. Systolic blood pressure (SBP) and diastolic blood pressure (DBP) were obtained automatically using the oscillometric method (Terumo ES-P110; Terumo, Tokyo, Japan) after the participant had rested for at least 5 min on at least two occasions. Mean blood pressure (MBP) was computed as DBP + one third of differential pressure. The diagnostic criteria of hypertension were according to the Seventh Report of the Joint National Committee on Prevention, Detection, Evaluation, and Treatment of High Blood Pressure. 16 No subject had previously used antihypertensive or vasoactive medication. All subjects were asked to refrain from smoking and drinking coffee or tea on the day of assessment. A venous blood sample was collected on the day of examination after a fasting period of at least 8 h. Complete blood cell counts, serum electrolytes, and thyroid function test were all within the normal range of standardized values. Normal sinus rhythm with a rate of 60-100 beats/min was also required on resting electrocardiogram. Subjects rested for at least 10 min in supine position before the measurement of arterial stiffness and before carotid ultrasound examinations. The following parameters were obtained with standard techniques on the day of examination: total cholesterol, low-density lipoprotein cholesterol, high-density lipoprotein cholesterol, triglycerides, high sensitivity C-reactive protein (hsCRP), and fibrinogen. Height and weight were measured, and body mass index (kg/m 2 ) was calculated.
Carotid ultrasonography. The near and far walls of bilateral CCA, bifurcations, and 1 cm of the internal and external carotid arteries were scanned for the presence of atherosclerotic lesions with a 7.5-MHz linear-array transducer (Hewlett-Packard SONOS 5500, Andover, MA). The electrocardiogram signal (lead II) was simultaneously recorded to synchronize the image capture to the top of the R wave and T wave to minimize variability during the cardiac cycle. If a plaque was present, a frozen B-mode image of the thickest part of the plaque in the longitudinal view was recorded on a memory disc. The presence of plaques in the carotid artery was defined as a focal widening relative to adjacent segments, with protrusion into the lumen composed of either only calcified deposits or a combination of calcified and noncalcified material. No attempt was made to quantify the size of the lesions. A total carotid plaque score was defined as the sum of the presence of plaques at the far and near walls of the left and right sides at three locations (maximum score of 12). Plaque severity was graded as no plaques (score 0), mild plaques (score 1-4), moderate plaques (score 5-8), and severe plaques (score 9-12). IMT was measured by recording ultrasonographic images of both the left and the right CCA. The lumen-intima interface and the media-adventitia interface of the near and far walls of the distal CCA were measured offline. The IMT of CCA was determined as the average of near and far wall measurements of both left and right sides. Doppler spectral flow velocity of the CCA, 1-2 cm below the bifurcation, was assessed using a carrier frequency of 3.75 MHz and an insonation angle of 60° with the sample volume reduced to the smallest possible size (1 mm) and located in the center of the vessel. PSV and mean velocity (MV) were recorded as the mean of left and right CCA values for three cardiac cycles.
Measurement of carotid hemodynamics.
Using the built-in flow analysis software (Hewlett-Packard SONOS ultrasound system, Andover, MA), PSV and MV were obtained as the mean value of three cardiac cycles. Electrocardiogram-gated B-mode images of the CCA were stored for measurement of the arterial dia meter. Internal diameters (IDs) of the CCA, which were measured between the intima-lumen interfaces of the near and far walls at the R (ID R ) and peak T waves (ID T ) of the electrocardiogram, were acquired for the calculation of carotid hemodynamic parameters. Peak and mean circumferential wall tension (CWT), tensile stress (TS), and wall shear stress (WSS) were calculated according to the following formulas: 17 where SBP and MBP are expressed in dynes/cm 2 and ID in cm.
where IMT is expressed in centimeter.
PSV and MV were converted to WSS using the following equation derived from Poiseuille's formula:
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where μ is blood viscosity, which was assumed to be 0.035 dyne × s/cm 2 in this population with hematocrit within normal range. 18, 19 Young's elastic modulus (YEM), a measure of the stiffness of the arteries, was computed as:
where ID M = ID R + (ID T − ID R )/3 and SBP and DBP are expressed in dynes/cm 2 and ID and IMT in cm. To test the reproducibility of the calculation of carotid hemodynamics, 20 patients with a mean age of 65 years were studied on two occasions, 3-4 weeks apart. The average of the two examinations was calculated and the ratio between each individual value and the average value was determined. The coefficients of variation for peak CWT, TS, and WSS were 3.24 ± 0.92%, 5.66 ± 2.41%, and 4.61 ± 1.38%, and mean CWT, TS, and WSS were 2.14 ± 0.62%, 4.36 ± 1.48%, and 3.81 ± 0.98%, respectively.
Arterial stiffness. Arterial stiffness was assessed by means of brachial-ankle pulse wave velocity (baPWV). The baPWV was measured automatically using a volume plethysmographic apparatus (form PWV/ABI; Colin, Aichi, Japan). In brief, pressure signals of the four extremities (recorded using oscillometry), also known as pulse volume traces, were processed instantaneously to provide the pulse transit time (footto-foot time intervals, ΔT) from the right upper arm to the right ankle and from the right upper arm to the left ankle. The distance between the arm and ankle (D) was calculated based on the regression equation: D = 0.5934 × height + 14.401. The baPWV was calculated as D/ΔT. The mean value of right and left baPWV was obtained for data analysis. The validation and reproducibility of this method has been reported previously. 20 Statistical analysis. All data were expressed as mean ± s.d. Differences of the mean values of variable parameters among the four groups were assessed by analysis of variance. The linear correlation between the plaque score and hemodynamic parameters was evaluated by the Spearman's test. A stepwise regression analysis was performed to assess the effects of clinical and hemodynamic parameters on the severity of carotid R MV Mean WSS = 8 × × , ID µ atherosclerosis. Data processing was performed with the software modules of SPSS 10.00 (SPSS, Chicago, IL). A two-sided probability value of P < 0.05 was considered to be statistically significant.
RESulTS
Of the 80 participants in this study, 15 (19%) had no carotid plaque, 21 (26%) had mild plaque, 19 (24%) had moderate plaque, and 25 (31%) had severe plaque burden. The baseline characteristics and carotid hemodynamic data among the four groups are shown in Table 1 . Age, pulse pressure, creatinine, carotid IMT, and mean TS were shown to have significant differences among the four plaque groups (P < 0.05). Peak CWT and peak TS were also shown to have marginal differences. There was no significant difference in SBP, total cholesterol, hsCRP, fibrinogen, mean CWT, peak and mean WSS, Young's modulus, and baPWV among the four groups. In univariate analysis, the peak and mean CWT and TS were significantly correlated with plaque score in all subjects (Figure 1) . In addition, age, carotid IMT, serum creatinine and pulse pressure were also shown to have positive correlations with plaque score. In stepwise multiple regression analysis with age, carotid IMT, serum creatinine, pulse pressure, and hemodynamic parameters as independent variables showed that carotid IMT, age and peak CWT were independently associated with plaque score ( Table 2) . Carotid IMT, age and peak CWT explained 51.8% of the total variation.
diSCuSSiON
The main finding of this study was that, among a variety of noninvasively assessed hemodynamic parameters, peak and mean CWT and TS were closely associated with plaque burden of the CCA in patients with untreated essential hypertension. The WSS of CCA and the two stiffness indexes, YEM and baPWV, did not show any difference among various degrees of carotid plaque burden. Lipid profiles, hsCRP, and fibrinogen were also not associated with the severity of carotid atherosclerosis.
To the best of our knowledge, this study was the first one to evaluate the relationships between carotid hemodynamics, arterial stiffness, and carotid plaque burden simultaneously in patients with cardiovascular risk factors. The associations of carotid hemodynamics with plaque burden clearly indicated that structural and rheologic alterations of elastic vessels can directly influence the severity of carotid atherosclerosis.
The association between the severity of carotid plaques and hemodynamic parameters has not been described earlier. Only one study focusing on the hemodynamic parameters in CCA showed that the mean but not the peak CWT was directly associated with carotid IMT in 58 healthy men. 17 Results from our study indicated that carotid hemodynamics, especially the peak CWT could be used as a marker of atherosclerotic changes in the arterial walls that predispose to cardiovascular events. This study provides a new outlook on atherosclerosis burden: although atherosclerotic process is ubiquitous within arterial walls in hypertensive patients, only the peak CWT can reflect the hemodynamic disturbance of CCA in subjects prone to the formation of carotid plaques. Moreover, an increase in CWT and a decrease in TS may augment the traumatic effect of intravascular segmental pressure on the vessel wall and favor plaque destabilization and rupture. According to the study conducted by Giannattasio et al., 21 the following two mechanisms may explain our results: first, the physiological displacement of a large artery wall during the cardiac cycle may be made more difficult if a plaque creates an immobile site within an atherosclerotic segment; Second, a distal plaque may disturb proximal blood flow (i.e., it favors a turbulent flow regimen). This may in turn alter endothelial bioactivity in a way that increases smooth muscle contraction within the arterial wall, making the vessel more difficult to stretch. Arterial regions where the atherosclerotic process occurs are usually sites of elevated tensile forces. 22 This result strongly suggests the possibility that the association between peak CWT and plaque burden is mediated by high systolic pressure and dilated carotid arterial diameter. TS, which is the CWT articles Carotid Hemodynamics and Arterial Plaque Burden adjusted for arterial wall thickness, is inversely associated with the degrees of carotid plaques. However, it has not been shown to be an independent determinant of carotid plaque burden after adjustment of several clinical and hemodynamic factors affecting carotid atherosclerosis. Therefore, our present data indicate that increased CWT but not decreased TS is the most reliable hemodynamic indicator for evaluating the severity of plaque burden.
PWV, as an indicator of arterial stiffness, has been shown to be associated with target organ damage and is a relevant predictor for future cardiovascular morbidity and mortality in hypertensive patients. 23 Arterial stiffening increases the pulsatile blood pressure caused by a higher SBP and a lower DBP. It is desirable to measure the elastic properties of the vascular wall in the arterial system, because they may directly reflect the degree of arterial atherosclerotic changes. 24 However, we could not show any difference of baPWV among the various groups of carotid plaque burden, which result was inconsistent with the findings of the two previous studies enrolling patients with type 2 diabetes and end-stage renal disease. 25, 26 Moreover, Zureik et al. showed that echogenic but not echolucent carotid plaques were associated with aortic arterial stiffness in 561 subjects without coronary heart disease or stroke. 15 This inconsistency might be explained by a bias in patients' enrollment and by different definitions of carotid plaque.
WSS is an important local vascular factor that influences atherogenesis in patients with cardiovascular risk factors. Furthermore, in highly selected subjects with asymmetrical carotid atherosclerosis, Gnasso et al. found that the plaques were localized in the carotid arteries with lower values of shear stress. 27 However, no difference of the peak and mean WSS was found among the four groups in our cohort. This finding is in agreement with the fact that there is no association between peak WSS and carotid atherosclerosis in individuals with high risk of coronary heart disease, 28 and suggests that the burden of the carotid plaque is slightly influenced by the steady (rather than pulsatile) flow pattern within lowresistance vessels.
Carotid IMT is by far the best-evaluated sonographic parameter for predicting cardiovascular events. 29 A direct correlation between IMT and the risk of myocardial infarction and stroke in a population of patients without a prior history of vascular diseases has been reported. 1 The correlation between carotid IMT and plaque score in our study (r = 0.58, P < 0.001) was comparable to the result reported by Frauchiger et al. in patients with at least one vascular risk factor or a known vascular disease (r = 0.62). 30 As also shown in Table 2 , the carotid IMT was independently associated with plaque burden. Hence, carotid IMT is a relevant morphologic marker for carotid atherosclerosis.
Several studies have demonstrated that plasma fibrinogen and hsCRP levels are significantly higher in patients with severe atherosclerosis compared with patients with slight intimal damage. 31, 32 However, we could not find any association between fibrinogen, hsCRP, and carotid plaque burden. This may be explained by differences in plaque scoring methods and differences in fibrinogen and hsCRP levels between laboratories.
Several potential limitations need to be considered in this study. First, calculation of CWT, TS, and YEM using blood pressure values from brachial arteries rather than carotid arteries may have introduced a bias. Thus, we may have overestimated these parameters. However, even though a slight difference in absolute values cannot be excluded, a strong correlation between brachial-and common carotid blood pressure exists. In addition, brachial blood pressure has been widely used in several studies of carotid wall dynamics. 17, 18, 33 Thus, the potential bias mentioned above, albeit potentially important, is not likely to have invalidated our findings. Second, the measurement of WSS may also be a possible limitation in this study. The values of blood viscosity were assumed from the subject's hematocrit rather than measured in blood samples obtained on the test day. In addition, variability is a potential problem when the vessel is insonated and centerline velocity is obtained, and this may make results from different research laboratories difficult to compare. Third, we did not enroll a normotensive control group because increased carotid IMT and asymptomatic carotid plaques are significantly more frequent in hypertensive patients in comparison with normotensive subjects, and the relationship between blood pressure and carotid atherosclerosis was not affected when other risk factors were included in multivariate analysis. [34] [35] [36] Carotid hemodynamics, especially peak CWT of the CCA, are associated with the severity of carotid atherosclerosis in patients with untreated essential hypertension. These findings suggest that tensile force exerted on local carotid segments may result in adaptive remodeling and plaque formation, which can be an important factor during the development of atherosclerosis.
